Streptomyces chrysomallus produces a 17.5-kDa cyclophilin (CypA) as a major cytosolic protein. Northern blotting of total RNA from S. chrysomallus showed that cypA is transcribed as a monocistronic 500-nt transcript during the vegetative growth phase only. Consistently, Western blot analysis and enzyme activity determinations revealed a high level of CypA which declined drastically when cultures entered postexponential phase. Primer extension experiments revealed that cypA is transcribed as a leaderless transcript with the startpoint of transcription and translation being the same AUG codon. Analysis of 310 and 335 regions revealed an Ec hrdB -specific promoter consensus sequence in accordance with the observed transcription during vegetative growth of cultures. The leaderless cypA mRNA sequence between codons 5 to 12 shows complementarity to an internal antidownstream box of 16S rRNA of Streptomyces lividans. This may indicate a possible interaction of the leaderless cypA transcript with the 16S mRNA in translation initiation. ß Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 9 9 ) 0 0 3 4 0 -7
Introduction
Cyclophilins (Cyps) catalyze the interconversion of cis and trans peptidyl-prolyl bonds in peptides and proteins (peptidyl-prolyl cis/trans isomerases, PPIases) [1] . Besides cyclophilins, other PPIase families are the FK506-binding proteins (FKBPs) and the parvulins. The three families of PPIases share no similarity with each other in their sequences and three-dimensional structures [2] . Acceleration of peptidyl-prolyl bond isomerization during protein folding has been considered as one of the main roles of PPIases [1, 3] . However, there is accumulating evidence that in vivo the various PPIases have specialized functions by acting via their active sites on particular proteins or sets of proteins in a chaperoneand/or ligand-like fashion. These interactions play a role in the assembly/disassembly of protein complexes, in protein tra¤cking and in the regulation of heterooligomeric protein complexes [4] . Remarkably, many Cyps and FKBPs bind the immunosuppressants cyclosporin A (CsA) and FK506, respectively. In the case of the human 18 kDa CypA and the 12 kDa FKBP12, the complexes between the immunosuppressants and their binding proteins inhibit the protein phosphatase calcineurin, which leads to inhibition of cell-cycle progression in G1 in T-cell activation. This e¡ect, however, is not a result of inhibition of the PPIase activity of the enzyme but merely due to a gain of function of the drug-receptor complex [5] .
Speci¢c protein ligands of bacterial Cyps and FKBPs are not known, as yet, neither have CsA nor FK506 an inhibitory e¡ect on bacterial growth [6] . Cyclophilins from Gram-negative bacteria such as Escherichia coli have no or little a¤nity to CsA [7] . Moreover, disruption of cyclophilin genes in E. coli, Bacillus subtilis and Legionella pneumophila did not a¡ect viability in these organisms and the mutations only subtly a¡ected growth in speci¢c conditions [7^9] thus leaving the role of Cyps in these organisms still enigmatic. We have characterized previously two cytosolic cyclophilins (CypA and CypB) from the ¢lamentous Gram-positive Streptomyces chrysomallus. They bind CsA with high a¤nity. The 17.5-kDa CypA was found to be present as an abundant protein and shows high sequence similarity to eukaryotic cyclophilins [10] . The 18.8-kDa CypB is much less abundant than CypA and is less conserved in respect of both eukaryotic and prokaryotic Cyp sequences [11] . To gain more insight into the role of CypA in the streptomycete life cycle we determined transcript size, mapped the promoter and analyzed the temporal course of its expression.
Materials and methods
2.1. Strain, culture and plasmids S. chrysomallus X2 was maintained at 30³C on complete medium (CM) agar [12] . Submerged growth was for 2^3 days at 30³C in 100 ml of liquid CM dispensed in 300 ml £asks with shaking at 200 rpm.
Plasmid pMS104 carrying the cypA and its 5P £anking region was described previously (EMBL Accession No. Z15137) [10] . Expression plasmid pIJsc-cypA carrying the cypA gene as a modi¢ed expression cassette served as the source for cypA DNA [11] used as probe (after 32 P-labeling) in Northern anal-ysis. To study the cypA promoter, promoter probe plasmid pIJ486 was used [13] .
Isolation of total RNA, Northern blotting and primer extension experiments
Total RNA samples were isolated from S. chrysomallus using 4 g wet mycelia freshly harvested by suction-¢ltration. Mycelia was shock-frozen in liquid nitrogen and homogenized using a mortar. After addition of 10 ml lysis bu¡er and further homogenization, total RNA was puri¢ed according to Hopwood et al. [13] . For Northern blotting about 15 Wg denatured total RNA was separated on a 1% agarose/ formaldehyde gel. RNA transfer to Hybond-N nylon membranes (Amersham), prehybridization and hybridization procedures were performed by standard protocols [14] . The cypA probe was prepared by random primed labeling (Boehringer Mannheim) using [K-32 P]dCTP and the whole cypA gene. Autoradiography was on X-ray ¢lm (Konica).
For primer extension experiments the primer extension kit (E3511 Promega) was used. Primers were PE1 (5P-AGGTTGAACGTGATACGCCCTGCGG-GCGCGTCGTCG-3P) or PE2 (5P-TTCTCCGCCG-TCTTGGGGACGACGTC-3P). Eighteen Wg total RNA and 0.6 pmol of 5P-32 P-end-labeled primer (in 10 mM PIPES, 0.4 M NaCl, pH 6.4, in a total volume of 16 Wl) were denaturated for 5 min at 95³C. The primer extension reaction was performed according to the manufacturer's protocol. A 2 Wl aliquot from the reaction mixture was heated to 95³C for 5 min, chilled on ice and electrophoresed on a denaturating sequencing gel in parallel with the dideoxy sequencing reactions from pMS104 with primer PE1 or PE2.
Analysis of the cypA promoter
Primers for ampli¢cation of the putative promoter region of cypA (see Section 3) were CypF 5P-TG-GGAAGCTTCTGCAGCCCCTGCCGCGACCTC-GT-3P and CypR 5P-GTAGGGATCCATATGCA-TGCTGACATCCTCACATT-3P. Template was pMS104. The ampli¢ed 390 bp fragment covers the upstream region of cypA from +10 up to 3380 and is £anked by HindIII and BamHI restriction sites at the 5P-and 3P-ends, respectively. This fragment was digested with HindIII and BamHI and cloned into HindIII/BamHI cleaved pTZ18U [15] . After transformation into E. coli the resultant plasmid pROMCy-pA was sequenced. The HindIII/BamHI fragment was subsequently ligated into HindIII/BamHI cleaved pIJ486. The ligation mixture was transformed into Streptomyces lividans. The resultant plasmid pROMCyp10 was shown to contain the desired upstream region of the cypA gene in front of the promoterless aph gene of pIJ486. In parallel the aph promoter of plasmid pIJ680 [13] was cloned into pIJ486 in an analogous manner using primers AphF 5P-CGGGCAAGCTTCTGCAGCCGGCGCCCCC-CCACCC-3P and AphR 5P-GGCGCAACGGATCC-ATATGCATGCGCGGCATCATGG-3P for generation of the HindIII and BamHI restriction sites. The resultant plasmid pROMAph10 was used as a control as well as the original pIJ486 for cypA promoter analyses in S. chrysomallus.
PPIase assay
Cells of S. chrysomallus from various stages of growth grown in CM liquid medium were harvested, washed with water and resuspended in ice-cold 50 mM Na-phosphate pH 7.8, 300 mM NaCl (2 ml per g cells). Cell suspensions were then sonicated (LabsonicU, T40, 40 W, 2U20 s) and centrifuged at 4³C for 10 min at 15 000Ug. Aliquots from the supernatants were assayed for PPIase activity as described [11] . Generally the assays contained 20 Wg total protein. The substrate was Suc-Ala-Ala-Pro-Phe-pNA (0.5 mM) in a chymotrypsin-coupled assay: Interconversion of peptidyl-prolyl cis conformer into the corresponding trans conformer was measured spectrophotometrically at 390 nm by following the release of nitranilide from the test peptide. Chymotrypsin exclusively cleaves the trans conformer but not the cis conformer. The assays contained in addition 30 WM rapamycin to inhibit PPIase activity of FKBP-related PPIases which are also present in streptomycetes.
SDS-PAGE and Western blotting analysis of CypA
Total protein extracts prepared as above were denatured at 95³C for 5 min. Fifty Wg of total protein were separated by 16.5% Tricine-SDS-PAGE [16] . Western analysis of total protein extracts for the presence of cyclophilin A in Streptomyces cell extracts was performed essentially as described previously [10] .
DNA sequencing
The sequence ladder of the cypA gene used for size determination of primer extension products was generated by Taq cycle sequencing (USB-Amersham sequencing kit US78500) with pMS104 as template and primer PE1 or PE2.
Results and discussion

Northern blot analysis and temporal course of cypA transcription
Previous sequencing of the 5P-region of cypA revealed at a distance of 76 basepairs to the cypA ATG start codon the 3P-end of a gene (estA) encoding an esterase [17] . A purine-rich motif, similar to a typical RBS, was found 9 bp upstream of the translational start of cypA but no 310 and 335 regions were seen. Furthermore, the sequence between estA and cypA does not contain a terminator structure for estA ( Fig. 1 ). Therefore we ¢rst assumed that estA and cypA were transcribed from a promoter upstream of estA. However, Northern blot analysis of total RNA of S. chrysomallus isolated from mycelium taken at di¡erent times of growth in complete medium showed that cypA was not cotranscribed with estA. As can be seen from Fig. 2 , RNA samples derived from the early growth phase (12 to 20 h) contain a transcript of ca 500 nt length hybridizing to the cypA gene probe. The length of the RNA thus is equivalent to the length of the coding region of cypA (498 bp) which excludes cotranscription of cypA with any 5P-or 3P-located genes. Furthermore, Fig. 2 shows that the cypA transcript signal drastically declined in the postexponential growth phase (after 30 h) and was not detectable during the stationary phase. By contrast, the mRNA of cypB was scarcely detectable in the conditions described here, which re£ects the low level of CypB in the cells at all stages of cultivation (not shown). This suggests a di¡erent function of CypB from that of CypA, as was indicated before [11] .
CypA protein level during the course of cultivation
Western blot analysis of protein extracts prepared from mycelium obtained at di¡erent times of cultivation showed that CypA is abundantly formed during the growth phase. Its level is decreased during stationary phase (see Fig. 3A ). A faster migrating immunoreactive band possibly representing a degradation product of CypA was also seen in the blots (Fig. 3) . Cyclophilin-related PPIase activity in crude protein extracts from various points of cultivation revealed coordinate reduction of enzyme activity (Fig. 3) . These data indicate a strict regulation of cypA expression which is con¢ned to the vegetative growth phase of the streptomycete. It may be noted also that the decline of cypA expression usually was correlated with the onset of actinomycin C production in S. chrysomallus (not shown) which starts after 30 h of cultivation.
Determination of the transcriptional start site of cypA
To map the transcriptional start site of the cypA gene, primer extension experiments were performed with total RNA from S. chrysomallus harvested at various times of growth. Two primers, corresponding to di¡erent locations in the coding region of cypA, were used (primer PE1 and PE2; Fig. 1 ). Gel electrophoretic separation of the products formed from primer PE1 using total RNA from 20 h old cultures as template is shown in Fig. 4 . The data clearly reveal that extension of primer PE1 always ends at the A in the ATG start codon (+1) or one base upstream of the cypA open reading frame (ORF) (31). Primer PE2 gave the same result. This leaves no doubt that cypA is transcribed as a leaderless mRNA during the life cycle of S. chrysomallus.
Analysis of the promoter region of cypA and of the putative translation initiation signals in the coding region
Based on the identi¢ed transcriptional start site located in the start codon of the cypA gene, the corresponding 310 and 335 regions showed clear similarity to promoter sequences of 28 di¡erent streptomycete genes having a consensus that is sim- Fig. 2 . Northern analysis of total RNA of S. chrysomallus. Total RNA of S. chrysomallus was isolated from mycelium of S. chrysomallus harvested at various times, indicated at the top, as described in Section 2 and hybridized with 32 P-labeled cypA. The signal in the range of about 500 bases hybridizing with cypA is indicated by an arrow. ilar to promoter sequences recognized by RNA polymerases containing the c 70 subunit in E. coli and c A in B. subtilis [18, 19] . This Ec hrdB promoter has been postulated to be active in the exponential phase and is downregulated in the stationary phase of streptomycete growth [20] . This is consistent with the time course of cypA transcription (Fig. 2) .
To assess the promoter activity of this 310 and 335 region of the cypA gene, an 390 bp long stretch of the immediate upstream sequence of cypA was ampli¢ed by PCR and cloned into promoter probe plasmid pIJ486, resulting in plasmid pROMCyp10. Along with this construct we cloned the aph promoter from plasmid pIJ680 in an analogous manner to generate pROMAph10. Testing these constructs in S. chrysomallus revealed appreciable levels of neomycin resistance up to 20 Wg ml 31 neomycin in both liquid and on solid CM. By contrast, S. chrysomallus transformed with promoterless control plasmid pIJ486 was much more sensitive against the antibiotic (only to 5 Wg ml 31 ). This clearly shows promoter activity of the upstream region of cypA.
Among the various compiled genes with the Ec hrdB -speci¢c promoter consensus, the only two transcribed as leaderless mRNAs are the korB gene from Streptomyces plasmid pIJ101 [21] and cypA described here. To answer the question where the leaderless cypA message might interact with the 16S Fig. 3 . Growth-dependent expression of cypA in S. chrysomallus in complete medium (CM). A : Western blot analysis of protein crude extracts obtained from cells harvested at the indicated times with anti-CypA antibodies. B : PPIase activity measured by using Suc-Ala-Ala-Pro-Phe-pNA as substrate in a chymotrypsin-coupled assay as described in Section 2 (white bars) and growth curve expressed as wet mycelial weight (a). rRNA in translation initiation, cypA and a number of leaderless or short-leadered transcripts were compared with the 16S rRNA of S. lvidans [22] . As can be seen in Fig. 5 , all transcripts showed a comple-mentary region to the 16S rRNA of S. lividans (nt 1456 to nt 1473) located about 5^30 nt downstream of the transcription start sites [23] . The presence of downstream box interaction with a box forming a triple helix in the 16S rRNA of S. lividans has been implicated in the translation initiation of ermE and aph leaderless mRNAs from Saccharopolyspora erythraea and S. fradiae [21] . Also the genes for bacteriorhodopsin and bacterial rhodopsin-like proteins in archaebacteria are transcribed as leaderless mRNAs. It has been speculated that the lack of a leader might re£ect an e¤cient translation initiation process to ensure high protein levels [24] . These data and the data shown here provide reasonable explanations for the observed abundance of CypA and its expression during growth phase. It remains to be seen whether other PPIases can ful¢ll the corresponding functions during the stationary growth phase of the organism when cyclophilin A production is stopped. Fig. 4 . Primer extension mapping of the transcription initiation site of the cypA gene. Primer PE1 was hybridized to total RNA of S. chrysomallus isolated after 20 h growth in CM as described in Section 2. The products obtained from primer extension were separated on an 8% denaturing polyacrylamide gel. For size determination, the sequencing reaction (GATC) with primer PE1 is shown. Asterisks indicates the startpoints of cypA transcription. 
